
4

0

5

10

15

20

25

30

35

40

1.4 1.6 1.8 2 2.2 2.4
M(nK+)  (GeV/c2)

Ev
en

ts
 / 

20
 M

eV
/c

2

0
5

10
15
20
25
30
35
40

1.5 2
M(nK+) (GeV/c2)

FIG. 4: The nK+ invariant mass spectrum in the reac-
tion γp → π+K−K+(n) with the cut cos θ∗

π+ > 0.8 and
cos θ∗

K+ < 0.6. θ∗

π+ and θ∗

K+ are the angles between the π+

and K+ mesons and photon beam in the center-of-mass sys-
tem. The background function we used in the fit was obtained
from the simulation. The inset shows the nK+ invariant mass
spectrum with only the cos θ∗

π+ > 0.8 cut.

to 0.9 and found that in all cases the peak was clearly
visible.

The background reaction γp → π+K−K+n is dom-
inated by meson resonance production decaying to
K+K− with the excitation of baryon resonances decay-
ing to nπ+, or meson resonance production decaying to
K+K−π+, both with small momentum transfer to the
meson system. These processes have the K+ moving for-
ward in the center-of-mass system (Fig. 3 b, c and d). To
suppress such backgrounds, a cut was applied to elim-
inate events having a positive kaon going forward with
cos θ∗

K
> 0.6, where θ∗

K+ is the center-of-mass angle be-
tween the K+ and the photon beam. The remaining data
sample is virtually free of the contaminating events that
have baryons decaying to nπ+ in this final state since
the π+ from such event will most likely not move very
forward in the center-of-mass system. The Θ+ peak was
clearly observed in each of the three data sets; the result-
ing nK+ mass spectrum are combined and shown in Fig.
4.

An investigation has been conducted to test whether
a narrow peak in the nK+ invariant mass spectrum can
be artificially manufactured. First, we checked the side-
bands around the neutron in Fig. 1; the resulting nK+

effective mass distribution is structureless. We also con-
sidered the effect of the kinematic requirements that we
applied by performing a Monte Carlo simulation based on
nK+K−π+ 4-body phase space, nK+K̄∗

0 3-body phase

space, and t-channel meson production. The meson
events in the latter process are generated using K+K−π+

3-body phase space and the shape of the K+K−π+ in-
variant mass distribution from the data. We found no
structure generated using the same cuts on the simulated
events as applied on the data. Furthermore, one may
consider whether some particular combination of meson
waves can be reflected as a narrow peak in the nK+ in-
variant mass distribution. We performed a full partial
wave analysis of the K+K−π+ meson system on Run c
data and utilized the prediction of this analysis to further
probe the possibility of meson reflection into the nK+ in-
variant mass spectrum. Again, we found that with a set
of meson partial waves that well describes the entire data
set we did not generate a narrow Θ+ peak when the same
angular cuts as above are applied.

The final nK+ effective mass distribution (Fig. 4) was
fitted by the sum of a Gaussian function and a back-
ground function obtained from the simulation. The fit
parameters are: NΘ+ = 41± 10, M = 1555± 1 MeV/c2,
and Γ = 26 ± 7 MeV/c2 (FWHM), where the errors are
statistical. The systematic mass scale uncertainty is esti-
mated to be ±10 MeV/c2. This uncertainty is larger than
our previously reported uncertainty [6] because of the dif-
ferent energy range and running conditions, and is mainly
due to the momentum calibration of the CLAS detector
and the photon beam energy calibration. The statistical
significance for the fit in Fig. 4 over a 40 MeV/c2 mass
window is calculated as NP /

√
NB, where NB is the num-

ber of counts in the background fit under the peak and
NP is the number of counts in the peak. We estimate the
significance to be 7.8 ± 1.0 σ. The uncertainty of 1.0 σ is
due to the different background functions that we tried.
When a simple polynomial background is used, the sta-
tistical significance is higher. In the present analysis we
used the background function obtained from the simula-
tion as discussed above. The fact that the angular cuts
we applied enhanced the Θ+ signal suggests the possible
production of an N∗/∆∗ that decays to Θ+ and K−. If
the Θ+ is an isosinglet, the intermediate state can only
be an N∗. The nK+K− invariant mass is shown in Fig.
5 for the events with nK+ effective mass between 1.54
and 1.58 GeV/c2. The apparent excess of events near 2.4
GeV/c2 is suggestive of an intermediate baryon state. A
possible production mechanism that could contribute to
the Θ+ production is shown in Fig. 3 a. Similar processes
were also theoretically considered in Ref. [12]. The sim-
ulation we described previously also demonstrated that
the angular cuts we applied could not generate a narrow
peak in the nK+K− invariant mass spectrum from any
of the three data runs.

In addition, a search for a manifestly exotic baryon
(Q = 2, S = +1) was performed in the reaction γp →
K−X++, X++ → pK+. There were 225k events with a
proton and K+ in the final state, which were selected for
the analysis of this reaction. The K− was identified by


